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Thermocoherent effect: heat currents driven by quantum coherence and correlations
Onur Pusuluk1 and O¨zgu¨r E. Mu¨stecaplıog˘lu1
1Department of Physics, Koc¸ University, Sarıyer, I˙stanbul, 34450 Turkey
The role of quantum coherence and correlations in heat flow is investigated here within the
framework of repeated interaction scheme. We consider classical- and quantum-correlated local
thermal bath states at the same effective temperature, and develop a master equation approach
for the open system dynamics of a single qubit system in thermal contact with such states. This
enables us to show that initial quantum correlations shared between bath qubits are able to generate
an anomalous heat flow not only in the opposite direction as that of the effective temperature
difference but also in the absence of such a difference. Our simple model also suggests that bath
correlations induce this kind of a thermocoherent effect as long as they are associated with heat-
exchange coherences. Moreover, it reveals that the existence of a heat current between two systems
at the same temperature is not a uniquely nonreciprocal effect as claimed in the previous studies.
Finally, we discuss some of the possible experimental realizations and technological applications of
this model in different platforms.
I. Introduction
Heat is not an observable in quantum mechanics and
one cannot always attribute a temperature to a quantum
system. On the other hand, the conventional thermo-
dynamics is based on the molecular chaos hypothesis,
which is incompatible with the fact that quantum coher-
ence and correlations (QCCs) are likely to exist in atoms
and molecules. Yet, the interface of quantum mechanics
and thermodynamics provides fresh insights about all of
these quantities.
The bidirectional relation between QCCs and heat flow
is one of the central subjects in quantum thermody-
namics, a new sub-branch of thermodynamics emerging
at this interface. There is a growing body of research
that demonstrates the thermodynamic means of gener-
ating and protecting QCCs [1–7]. Also, QCCs appear to
play an important role in the thermodynamics of energy
transfer [8–13]. In particular, both the theory [14–17]
and experiments [18, 19] suggest that these information-
theoretical quantities may lead to spontaneous heat flow
from a cold body to a hot one. The basic idea is nothing
but the use of mutual information to decrease entropy
[20] and can be formulated by the following inequality
β1Q1 + β2Q2 ≥ ∆I (1 : 2), (1)
where subsystems j = {1, 2} are initially in thermal equi-
librium at inverse temperatures βj and gain heats Qj af-
ter a heat-exchange interaction. This inequality accounts
for the anomalous heat flows in the presence of initial cor-
relations, but also states that total correlations quantified
by the mutual information I (1 : 2) should be preserved
in the case of a vanishing temperature difference. How-
ever, it says nothing about the magnitude and direction
of heat flow in the latter case.
In the meantime, persistent heat currents have been
recently observed in many-body systems [21–23], but it
was shown that this requires nonreciprocity. A natural
question to ask is then is it possible for QCCs to enable
quantum systems that share a common temperature to
spontaneously exchange heat at thermal contact? This
raises another question: is the nonreciprocity a funda-
mental limitation of persistent heat current or a tempo-
rary challenge arising from the systems that have been
investigated so far, e.g., is it also necessary to break reci-
procity in the presence of QCCs?
In this paper, using a spin star system, we will explore
the local energy changes in a single qubit system exposed
to non-thermal qubit baths which are initially possessing
classical or quantum correlations while individual bath
qubits are in thermal equilibrium. To this end, we will
develop an approach based on collision models [24–29].
This will allow us to show the possibility of an anomalous
heat current driven by purely quantum correlations in the
absence of any effective temperature difference. We will
also propose that bath correlations are able to create such
heat currents as long as they are associated with heat-
exchange coherences [8, 11].
II. Correlated Local Thermal Bath States
For the sake of clarity, but without any loss of general-
ity, we consider identical and non-interacting bath qubits
that are correlated in pairs and exist in one of the follow-
ing joint states
ρC = pg|gg〉〈gg|+ pe|ee〉〈ee|, (2a)
ρD = (pg|g〉〈g|+ pe|e〉〈e|)⊗2 + (λ|ge〉〈eg|+ h.c.), (2b)
ρE = pg|gg〉〈gg|+ pe|ee〉〈ee|+ (µ|gg〉〈ee|+ h.c.), (2c)
where the coefficients pg/e stand for Boltzmann factors
e−βBEg/e/(e−βBEg + e−βBEe), βB is the inverse tempera-
ture 1/kB TB, kB is the Boltzmann constant and Eg and
Ee are respectively ground and excited energies of the
following free qubit Hamiltonian
HB = Eg|g〉〈g|+ Ee|e〉〈e|. (3)
Note that all the reduced single-qubit states in Eq. (2)
equal to the Gibbs state e−βBHB/tr[e−βBHB ], which in
2FIG. 1. Correlated local thermal bath states given in Eq.
(2). Bath qubits (gray circles) have pairwise correlations de-
picted as a link (a). Energy levels (horizontal black lines) are
populated according to Boltzmann distribution with perfect
synchrony in pair C. Pair E additionally share a quantum co-
herence denoted by µ, which does not allow an independent
description of individual qubits states. This coherence (solid
blue envelope in (b)) appears in the non-diagonal terms of
the joint density matrix that couple the energy states of no-
excitation (|gg〉) and double-excitation (|ee〉). On the other
hand, the thermal population of energy levels coexists sepa-
rately in pair D, which additionally share a quantum coher-
ence denoted by λ and depicted as a dash-dotted red envelope.
λ couples the single excitation states |ge〉 and |eg〉.
turn makes it possible to attribute the same local tem-
perature TB to each of the bath qubits.
The first pair denoted by C share only classical cor-
relations [31], while pairs D and E additionally display
nonclassical correlations that have quite different natures
(Fig. 1 (a)). Although ρD is a separable state, pair D
is sensitive to local dynamics, and so possess quantum
correlations arising from local indistinguishability. On
the other hand, ρE cannot be factorized into a prod-
uct and its quantum correlations cannot be created or
increased using local operations and classical communi-
cation. The nonclassical correlations of both pairs D
and E can be well captured by quantum discord [31, 32]
nevertheless. However, whenever we will use the term
discordant local thermal bath state in what follows, we
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FIG. 2. Amount of the quantum coherences and correla-
tions found in quantum-correlated local thermal bath states
ρD (left panels) and ρE (right panels) with χ = λ/λmax =
µ/µmax. Eg = 1, Ee = 2, βB = 2 in all four panels. In
upper panels, relative entropy of coherence [30] and l1 norm
of coherence [30] are shown respectively by dashed black and
gray curves. Dotted gray, dash-dotted red and blue curves in
lower panels correspond to classical correlations [31], quantum
discord [31, 32], and entanglement of formation [33].
will exclude the entanglement from discord and refer to
separable quantum-correlated bath state ρD.
The absolute value of λ appearing in discordant local
thermal bath state should be equal or less than pgpe in
order to make this state positive. Its quantum correla-
tion content reaches a maximum in the case of equality
and decreases when λ approaches zero (Fig. 2 (c)). In
the limit of vanishing λ, this quantum-correlated pair
becomes uncorrelated. Similarly, the positivity condition
imposes on the entangled pair E that |µ| ≤ √pgpe. The
amount of entanglement shared between this pair can be
measured by the entanglement of formation [33], which
monotonically increases when |µ| does (Fig. 2 (d)). En-
tangled local thermal bath state ρE reduces to classically
correlated local thermal bath state ρC at µ = 0.
Although the non-zero values of λ and µ seem to gen-
erate quantum coherences in ρD and ρE which differ only
in the amount at first glance (Fig. 2 (a) and (b)), these
coherences were found to pertain to different physical
processes in our previous studies [8, 11] of qubit baths.
The former shown by a dash-dotted red envelope in Fig.
1 (b) was classified as heat-exchange coherence (HEC),
whereas the latter (solid blue envelope) was categorized
as squeezing coherence.
3FIG. 3. Basic collision model with initially correlated bath
qubits labeled by {1, 2, 3, ...}. Identical and non-interacting
bath qubits are locally at thermal equilibrium at tempera-
ture TB, while sharing either classical correlation, quantum
discord, or quantum entanglement in pairs (linked circles).
The target qubit S, which has an energy level separation of
ωS and an initial temperature TS , interacts with each bath
qubit in the jth pair either sequentially (a) or collectively (b)
starting at time tj . The whole collision block operation takes
over a time interval of duration τ ≪ tj+1 − tj . Sequential
collision is described by the product of two-qubit operators
USB2j (τ/2)USB2j−1(τ/2),while collective collision is described
by a single three-qubit operator USB2j−1B2j (τ ).
III. Collision Models
We consider a single bath consisting of qubit pairs each
of which initially exists in the same correlated local ther-
mal state ρB, B = {C,D,E} and interacts at random
times tj with a target qubit S over a time interval of
duration τ such that τ ≪ tj+1 − tj .
The free Hamiltonian of the target qubit reads
HS = E
′
g|g〉〈g|+ E′e|e〉〈e|, (4)
and an initial thermal equilibrium at an inverse temper-
ature βS = 1/kBTS is assumed
ρS(0) = qg|g〉〈g|+ qe|e〉〈e|, (5)
where the coefficients qg/e denote the Boltzmann factors
e−βSE
′
g/e/(e−βSE
′
g + e−βSE
′
e). We also assume a system-
bath identity for reciprocity, i.e. Eg = E
′
g and Ee = E
′
e.
We take into account two different collision scenarios.
In the first one depicted in Fig. 3 (a), the target qubit
interacts separately with a bath qubit pair through the
following collision block operation starting at time tj
U(τ) = USB2j−1(τ/2)USB2j (τ/2), (6)
where each of the sequential two-qubit operators USBj is
generated by an interaction Hamiltonian of the form
HSBj = g(σ
−
S ⊗ σ+Bj + σ+S ⊗ σ−Bj ),
= J(σ(S)x σ
(Bj)
x + σ
(S)
y σ
(Bj)
y ).
(7)
Above, the coupling constants are related through g =
2J , σ− = |g〉〈e|, σ+ = |e〉〈g|, and σx(y) represents the
conventional Pauli x (y) operator.
The second scenario (Fig. 3(b)) focuses on a collective
collision described by the following evolution
U(τ) = USB2j−1B2j (τ) = e
− iτ
~
(HSB2j−1+HSB2j ), (8)
where the target qubit interacts with the both qubits in
jth pair simultaneously.
Note that [U(τ), HS + HB2j−1 + HB2j ] = 0 in both
scenarios, which means that the system-bath interactions
(6) and (8) preserve the total energy during each collision.
A. Thermalization
We investigate the open system dynamics of the target
qubit in each scenario following the interaction picture
master equation derivation in Ref.s [8, 11] without mak-
ing any short time approximation for U(τ) as follows.
The replacement of the bath qubit pair by an identical
pair in the same state ρB after each collision is math-
ematically equivalent to the re-initialization of a single
pair in the state ρB at each time step tj . This equiva-
lence allows us to assume that the joint system-bath state
ρ(tj) is always factorized into ρS(tj)⊗ ρB.
We can also assume that the target qubit collides with
a bath qubit pair in the state ρB with a probability of p δt
within the time interval (tj = t, tj+1 = t + δt). That is
to say that the joint state ρ˜(t) in the interaction picture
remains the same with a probability of (1−p δt) until the
next collision
ρ˜(t+ δt) = p δt U(τ)ρ˜(t)U †(τ) + (1 − p δt)ρ˜(t). (9)
After rewriting Eq. (9) in the limit δt→ 0 and tracing
out the degrees of freedom of bath qubits, we end up with
d
dt
ρ˜S(t) = trB[pU(τ)ρ˜(t)U
†(τ)− p ρ˜(t)], (10)
where ρ˜(t) = ρ˜S(t)⊗ ρ˜B , ρ˜S(t) = e iτ~ HSρS(t)e− iτ~ HS , and
ρ˜B = e
iτ
~
(HB⊕HB)ρBe
− iτ
~
(HB⊕HB).
It is straightforward to solve this equation analyti-
cally for both sequential and collective collision scenarios.
When we return back to the Schro¨dinger picture and let p
go to unity, the solution takes the following general form
ρS(t) =
(
Γg(1− qeγ(t)) + Γeqgγ(t)
)|g〉〈g|
+
(
Γe(1− qgγ(t)) + Γgqeγ(t)
)|e〉〈e|, (11)
4TABLE I. The coefficients in the time-dependent target qubit state (11) are defined differently depending on the collision
scenario and bath correlation type under consideration. Note that the value of α given for sequential collisions converges to
unity in the weak coupling / short interaction limit.
Scenario Bath Correlations α Γg/e γ(t)
Sequential Collision Quantum Discord 2 cos(Jτ)
1+cos2(Jτ)
pg/e
1
1+2αλ
+ αλ
1+2αλ
e−
t
α
(1+2αλ) sin(Jτ) sin(2Jτ)
Others 2 cos(Jτ)
1+cos2(Jτ)
pg/e e
− t
α
sin(Jτ) sin(2Jτ)
Collective Collision Quantum Discord 1 pg/e
1
1+2αλ
+ αλ
1+2αλ
e−
t
α
(1+2αλ) sin2(2
√
2Jτ)
Others 1 pg/e e
− t
α
sin2(2
√
2Jτ)
where the coefficients Γg/e and γ(t) are defined differ-
ently in Table I depending on the collision scenario and
the correlation type under consideration. In particular,
classical correlations and quantum entanglement shared
between bath qubits are not found to play any role in
the open system dynamics of the target qubit. Recall
that discordant pair becomes uncorrelated when λ goes
to zero, and the coefficients in Table I turn out to be
independent of the correlation type in this limit.
The steady state of Eq. (10) is
ρ∞S = Γg|g〉〈g|+ Γe|e〉〈e|, (12)
which equals to tr1/2[ρB] for collisions with uncorrelated,
classically correlated, and entangled qubit pairs. That is
to say that these qubit pairs thermalize the target qubit
to their local temperature TB.
On the other hand, Eq. (12) corresponds to a thermal
state for collisions with discordant qubit pairs when λ
is greater than −1/(2α) (see Table I). In this case, the
target qubit reaches a final temperature
TS(∞) = (Eg − Ee)/kB
ln[(pe + αλ)/(pg + αλ)]
, (13)
which demands that the discordant bath qubits thermal-
ize the target qubit to a temperature different than their
local temperature. TS(∞) is greater or less than TB de-
pending on the sign of αλ as shown in Fig. 4 (e) and (f).
To accentuate this, we can expand ln[(pe+αλ)/(pg+αλ)]
in the high temperature limit, which yields TS(∞) ≈
TB(1 + 2αλ). Note that −1/(2α) < λ ≤ pgpe, −1 ≤ α ≤
1, and pgpe ≈ 1/4 for high temperatures.
TS(∞) 6= TB opens up the possibility for an enhance-
ment or reduction in the amount of heat that expect-
edly flows between the target qubit and discordant bath
as a result of the temperature difference. This possi-
bility becomes more apparent when TS(0) = TS(∞) or
TS(0) = TB. In the former case, the target qubit al-
ways remains the same temperature and so, the net heat
current should vanish, though there exists a temperature
difference that approximately equals to 2αλTB.
Conversely, an anomalous heat current appears to be
in charge in the latter case as the absence of an initial
temperature gradient does not prevent the occurrence of
a gradual change in the temperature of the target qubit
which equals to
TS(t) =
(Eg − Ee)/kB
ln
[
pe+αλ(1+γ(t)(pe−pg))
pg+αλ(1+γ(t)(pg−pe))
] , (14)
and goes to TB(1+2αλ)/(1+2αλγ(t)) in high TB limit.
FIG. 4. Temperature of the target qubit exposed to a dis-
cordant heat bath at the same temperature. Upper panels
show β−1S as a function of time t and χ = λ/λmax in the
weak coupling limit (J = 0.05/τ ), while its value for dif-
ferent coupling strengths is explored at t = 100 in middle
panels and when t → ∞ in lower panels. Eg = 1, Ee = 2,
β−1B = β
−1
S (t = 0) = 0.5 in all four panels. Sequential (collec-
tive) collision model is considered in the right (left) column.
5FIG. 5. Net heat current between the target qubit and discor-
dant heat bath when β−1S (0) = 0.6 and β
−1
B = 0.5. Sequential
(collective) collision model is considered in the right (left)
column. Upper panels show J in the weak coupling limit
(J = 0.05/τ ), while its value for different coupling strengths
is explored at t = 0.1 in lower panels. The remaining param-
eters are the same as in Fig. 4.
TS(t) is further reduced to TB(1 + 2αλ(1 − e−tη/α)) for
small values of λ. Here and in the following, η stands
for sin(Jτ) sin(2Jτ) and sin2(2
√
2Jτ) respectively for se-
quential and collective collisions.
B. Anomalous heat current
To investigate the deviations in the expected magni-
tude of heat transfer, we exploit the rate of the target
qubit’s energy change in state (11) due to its interaction
with the discordant bath as below [34]
J (t) = tr[HS d
dt
ρS(t)], (15)
where a positive value of J means that energy flows from
the bath to the target qubit and vice versa when J < 0.
If there exist no term in Eq. (10) that provides a uni-
tary contribution to open system dynamics of the target
qubit, we can characterize the heat flow using Eq. (15).
Fortunately, the master equation is decomposed into only
two dissipative terms for the discordant qubit bath
d
dt
ρS(t) = − i
~
[HS , ρS ] +Dh(ρS) +Dd(ρS), (16)
where the dissipators can be written in the following
FIG. 6. Anomalous heat current between the target qubit and
discordant heat bath when β−1S (0) = β
−1
B = 0.5. Sequential
(collective) collision model is considered in the right (left)
column. Upper panels show J in the weak coupling limit
(J = 0.05/τ ), while its value for different coupling strengths is
explored at t = 0.1 in lower panels. The remaining parameters
are the same as in Fig. 4.
Lindblad forms [35]
Dh(ρS) =
2∑
j=1
κj
(
AjρSA
†
j −
1
2
{A†jAj , ρS}
)
, (17a)
Dd(ρS) =
2∑
j,k=1
κ¯j,k
(
A¯jρSA¯
†
k −
1
2
{A¯†kA¯j , ρS}
)
, (17b)
with A1 = σ
−, A2 = σ
+, A¯1 = σ
−σ+, and A¯2 = σ
+σ−.
The second dissipator can be cast into the simple form
Dd(ρ˜S) =

 0 −c× ρ˜S1,2
−c× ρ˜S2,1 0

 , (18)
which describes a dephasing process since c ≡ κ¯1,2 −
(κ¯1,1 + κ¯2,2)/2 ≥ 0: it equals to sin4(Jτ)/2 and 2(p2g +
p2e) sin
4(
√
2Jτ) respectively for sequential and collective
collisions. Also, tr[HS Dd(ρS)] = 0 and so, this dissipator
does not contribute to the heat flow.
The dissipation rates κ1/2 appearing in the first dis-
sipator (17a) have the value of (pg/e + αλ) η/α. This
dissipator accounts for the heat exchange between the
target qubit and discordant bath yielding
J (t) = J0 γ(t), (19)
where the time-independent amplitude is given by
J0 =
(
(qgpe − qepg) + αλ(qg − qe)
)
(Ee − Eg) η/α, (20)
6and γ(t) depends on α, λ, and Jτ as well (see Table I).
The term preceding αλ in J0 drops when TS(0) is set
to TB, and the anomalous heat current then reads
J (t) = λ η (qg − qe)(Ee − Eg) γ(t), (21)
which seemingly have a connection with the quantum dis-
cord initially shared between bath qubits. To elaborate
on this connection, we first focus on Eq. (19) in the high
temperature limit
J (t) ≈ l11
(
βS(0)− βB
)
+ l12
(
2αλβS(0)
)
, (22)
where
l11 = l12 = γ(t)(Ee − Eg)2 η/(4α). (23)
This high temperature analysis tells us that there are
two distinct sources of heat current. The first term on the
RHS of Eq. (22) depends on the initial temperature gra-
dient and so corresponds to a normal heat flow from hot
to cold. The second term represents the anomalous heat
flow. These two terms are canceled out each other when
TS(0) = TS(∞) ≈ TB(1 + 2αλ) and the net heat cur-
rent vanishes. On the other hand, only the second term
survives when TS(0) = TB. This suggests that what pre-
vents the heat from flowing in the former case gives rise
to an anomalous heat current in the latter case, and it is
somehow related to the nature of initial bath correlations.
A deeper understanding of the overall behaviour of
heat current requires further investigation of Eq.s (19)
and (21), which are respectively illustrated in Fig.s 5 and
6 for the same parameter set. While the net current dis-
appears in spite of the presence of temperature gradient
for some non-zero values of αλ in Fig. 5, the same values
sustain a current in the absence of temperature gradient
in Fig. 6. On the other hand, a comparison of Fig.s 4 and
6 reveals that what is responsible for the target qubit’s
temperature change in the absence of initial temperature
gradient is obviously the anomalous heat current defined
in Eq. (21).
C. Thermocoherent effect
The anomalous heat current investigated so far is con-
sistent with the laws of thermodynamics. The von Neu-
mann entropy of state (11) can be written as
SvN[ρS(t)] = −tr[ρS(t) ln(ρS(t))]
= −tr[ρS(t) ln(ρ∞S )]− S[ρS(t)||ρ∞S ],
(24)
where S[·||·] is the quantum relative entropy which mea-
sures the distinguishability of the two input density ma-
trices. The dynamical version of the second law of ther-
modynamics [36] can be obtained by taking the time
derivative of this equation [12]: while the first term on
the RHS of the last line gives the entropy flux rate −Φ,
the relative entropy term turns out to be the entropy
production rate Π which reads
Π(t) =
d
dt
SvN[ρS(t)] + Φ(t)
= J (t)(βS(t)− βS(∞)
) ≥ 0.
(25)
Since the entropy production rate (25) never becomes
negative, the second law is always satisfied during the
heat-exchange process, even in the absence of initial tem-
perature difference. This equation also says that the gen-
eralized thermodynamic force that generates the net heat
current (19) is nothing but how far the system’s tem-
perature is from the steady state temperature. On the
other hand, both βS(t) and βS(∞) depend on the value
of 2αλ, which appears in Eq. (22) as if the amount of
HECs found in discordant local thermal bath state ρD
(2λ) was a thermodynamic potential like the chemical
potential µe in the thermoelectric effect [37]
JQ = L11∇ 1
T
+ L12
1
T
∇µe, (26)
−JN = L21∇ 1
T
+ L22
1
T
∇µe, (27)
where JQ and JN are respectively heat and particle cur-
rents. Entropy production rate in thermoelectric phe-
nomena can written in terms of these currents and the
corresponding thermodynamic forces
ΠTE = JQ · ∇ 1
T
− 1
T
∇µe · JN , (28)
and Onsager relation [38] requires that L12 = L21.
To split the entropy production rate (25) into a term
that only depends on the temperature difference, and one
that is induced by HECs as in Eq. (22), we can expand
it in the high temperature limit
Π(t) ≈ γ˜ (βS(0)− βB
)J1 + γ˜
(
2αλβS(0)
)J2, (29)
where the two currents J1/2 are identical and equal to
J (t) given in Eq. (22), while a damping factor γ˜ =
γ(t)/(1 + 2αλ) accompanies the temperature difference
and HECs inside the corresponding forces.
The existence of the anomalous heat current formu-
lated in Eq. (21) bears a striking similarity to the Peltier
type of thermoelectric effect in this regard. This leads
us to introduce the term “thermocoherent effect” to de-
scribe the ability of HECs to create a heat flow in the
absence of an initial temperature gradient.
D. Heat-Exchange Coherences
A natural question to ask at this point is that does an
anomalous heat current exist in thermal contact with a
discordant qubit bath really as the quantum correlations
of this bath are associated with HECs?
To provide more insight into the role of HECs in
anomalous heat current, we will revisit the non-thermal
7FIG. 7. Target qubit’s temperature (a) and anomalous heat
current (b) for collective collision with a double pair of entan-
gled qubits when β−1S (0) = β
−1
B = 0.5. J = 0.2/τ , while the
remaining parameters are the same as in Fig. 4.
baths sharing quantum entanglement. Although entan-
gled local thermal bath state ρE given in Eq. (2c) does
not contain any HEC, ρE ⊗ ρE is likely to have such co-
herences. A qubit thermometer working with a precision
up to second order in Jτ [11] does not see any HEC in
ρE ⊗ ρE , but a cavity thermometer [8] reads the value of
2µ2.
As a matter of fact, when we extend the collision
block to include two pairs and repeat the master equation
derivation described in Sec. III A, target qubit’s temper-
ature acquires a µ2 dependence after collective collisions
with entangled bath qubits, which indicates the existence
of HECs in ρE ⊗ ρE .
In the mean time, if one expand the master equation
around Jτ ≈ 0 and keep only the terms up to second or-
der, µ2 dependence of TS(t) disappears and TS(∞) turns
out to be TB once again. Hence, HECs found in ρE ⊗ ρE
cannot be captured by a second order approximation as
in Ref. [11] and require an exact solution of the master
equation.
Moreover, unlike a single pair of entangled qubits, a
double pair weakly coupled to the target qubit changes
the temperature of this qubit in the absence of any ini-
tial temperature gradient (Fig. 7 (a)) by generating an
anomalous heat current which depends on µ2 as well (Fig.
7 (b)). Based on these observations, we surmise that
an anomalous heat current originates from quantum cor-
relations in locally thermal heat baths as long as these
correlations are associated with HECs.
IV. Experimental realizations
Not only HECs are able to turn into heat, but also
heat can be converted back to them. In this respect,
thermal production, protection, and exchange of quan-
tum coherences can be achieved utilizing various schemes
found in the literature, e.g. using thermal photons as
proposed in Ref. [3]. Also, the discordant local thermal
state ρD has been already prepared in NMR experiments
with CHCl3 molecules [18] and
187Yb+ ion trap simula-
tions [19] intending to demonstrate heat flow reversals.
At this point, we would like to emphasize that sequential
and collective collisions of a target qubit with discordant
qubit pairs can also result in heat flowing from cold to
hot, e.g. it is straightforward to find αλ values for which
TS(∞) < TS(0) < TB < T ′B or T ′B < TB < TS < TS(∞).
However, it may not be straightforward to mimic the
effect of repeated interactions of a target qubit and a
discordant bath pair in these experiments.
On the other hand, although an anomalous heat cur-
rent does not stem from collisions with a single pair of
either classically correlated or quantum entangled bath
qubits, ρC/E can be charged with an HEC of 2λmaxη
after a collision with the target qubit in the absence of
an initial temperature gradient. Also, the local temper-
ature of bath qubits remains the same in this process,
i.e. T ′B = TB. In this respect, the existence of a classi-
cally correlated local thermal bath state is sufficient to
prepare a quantum-correlated local thermal bath state
having HECs at the same temperature. Similarly, if we
attach an ancilla to the target qubit, its collisions with a
classically correlated non-thermal bath inject HECs into
target qubit-ancilla pair as well.
Finally, we proposed a two-qubit heat diode recently in
Ref. [39] which has possible implementations in various
platforms, including optomechanical setups, systems of
trapped ions, and circuit QED. We can extend this two-
qubit heat diode to an n-qubit spin star system having
a particular spatial configuration such that the central
qubit resides on the left, while an ensemble of nonin-
teracting and identical peripheral qubits are vertically
aligned on the right. Our first results up to six qubits
show that HECs can be created in the steady-state of
right qubits at room temperature. Reduced state of each
right qubit pair share quantum discord at the same time.
Experimental realization of HECs heralds the devel-
opment of thermocoherent analogs of various Peltier ef-
fect technologies. Let’s consider a homogenous sample
in thermal equilibrium. Injection of HECs into a lo-
cal region can trigger a heat exchange with the rest
of the sample, which in turn cools down or heat up
that region depending on the sign of injected HECs.
Nanoscale heat transfer may be also possible using well-
focused coherent sources. Such applications may pave
the way for a temperature manipulation over different
regions within a single molecule. This is promising par-
ticularly for polymerase chain reaction (PCR) technol-
ogy, where Peltier devices are commonly used to control
8temperature-sensitive biochemical reactions such as DNA
replication. Thermocoherent cooling/heating devices can
deliver advances beyond state-of-the-art PCR techniques,
e.g. they may allow making copies of specific DNA sam-
ples without requiring the usage of a heat-stable DNA
polymerase enzyme, an indispensable element of the cur-
rent PCR machines.
V. Conclusions
The role of quantum coherence and correlations in the
reversal of heat flow between two systems has been pre-
viously displayed both theoretically [14–17] and experi-
mentally [18, 19]. This paper focuses on the next step in
building our understanding of the caloric value of these
information-theoretical quantities using the tools of col-
lision models.
In particular, we developed a master equation for the
open system dynamics of a single qubit system that re-
peatedly interacts with classically correlated, entangled,
and discordant local thermal bath states at the same
effective temperature. While classical correlations and
quantum entanglement were not found to have any effect
in the thermalization temperature, quantum discord was
observed to be able to shift this temperature above or
below the local temperature of bath qubits depending on
the sign of coherences associated with the discord. By
calculating the heat current analytically from the master
equation, we showed that this allows quantum discord
not only to prevent heat from flowing between the sys-
tem and bath in the presence of temperature difference
but also to actuate a spontaneous heat exchange in the
absence of temperature difference.
We split both the high-temperature heat current and
entropy production rate into two terms that depend on
system-bath initial temperature difference and bath heat-
exchange coherence content respectively. Based on the
similarity with the Peltier type of thermoelectric effect,
we exploited the term thermocoherent effect to call the
ability of quantum discord to create a heat flow in the
absence of an initial temperature gradient.
We also demonstrated that quantum entanglement be-
tween the bath degrees of freedom acquires the ability
to create a similar anomalous heat current when some of
the quantum coherences generating them can be classi-
fied as heat-exchange as well. This observation enabled
us to conclude that an anomalous heat current arises
from quantum correlations in locally thermal heat baths
as long as these correlations are associated with heat-
exchange coherences.
The advantages of our model go beyond that. Previ-
ous studies found in the literature claim that the persis-
tent heat current is a uniquely nonreciprocal effect. The
anomalous heat current investigated here is still far from
being described as a persistent current, e.g. it requires
the continuous maintenance of heat-exchange coherences.
Yet, we revealed that spontaneous heat flow can be gen-
erated between completely identical qubits, e.g. between
two-level systems having the same energy eigenvalues and
the same local temperatures.
These findings shed light on the caloric value of quan-
tum coherences and correlations that can’t be addressed
by previous studies. They also promise thermocoher-
ent analogs of Peltier effect technologies in various plat-
forms - including optomechanical setups, nuclear mag-
netic resonance systems, trapped ion simulations, and
circuit QED - with local heating/cooling and small dis-
tance heat transfer applications.
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